Zinc is an essential micronutrient for all living organisms, but like all nutrient ions it can be toxic at high levels. Considerable effort has been made to understand the importance of Zn as a cofactor in several enzyme reactions (1) , to study Zn uptake in plants at the root level (3) , and to understand mechanisms involved in the ability of some plants to grow in the presence of Zn levels that are toxic to most plants, the phenomenon known as tolerance (27) . The (27) . The last of these mechanisms has been tested often since it was first postulated by Ernst and workers (see ref. 27 ) and has, in some aspects, received considerable support in the literature (4, 7, 9) . However, reports have also appeared that do not support a role for organic acids in Zn tolerance (16, 27) . The original model of Mathys ( 14) suggested that Zn was chelated in the cytosol by malate and this complex served to deliver Zn to the vacuole where it was sequestered as Zn oxalate. Although levels of oxalate were found to differ in tolerant versus nontolerant clones of several genera exhibiting the tolerance phenomenon, differences in oxalate content were not correlated with the degree of tolerance observed (27) . Occurrence of high malate content was better correlated with tolerance. The question of the role of this organic acid-based mechanism has been less tested under conditions of low-level Zn exposure (24) .
General criticisms of the model of Mathys have been the lack of direct experimental evidence for the occurrence of Zn organic acid complexes and the compartmentation of such complexes as predicted (27) . Godbold et al. (4) , however, have demonstrated high correlation between citrate content and Zn accumulation in Deschampsia caespitosa, and argued that citrate may have a role in Zn tolerance.
We recently showed that accumulated Zn is principally contained in vacuoles of tobacco suspension cells grown in non-growth-inhibiting and in growth-inhibiting levels of this metal (9) . We also showed quantitatively that sufficient organic acid (citrate and malate) was present to sequester accumulated metal (9) . In these studies no synthesis of Cd-binding peptide (phytochelatin) was observed in suspension cells exposed to 500 AM Zn, probably more than 10 times the concentration of available Zn than occurs in environments polluted with low or moderate levels of Zn (24) . Recently, Grill (5) reported that less than 2% of the total Zn in Silene plants growing in a natural environment heavily polluted with Zn could be accounted for by phytochelatin. Also, Zn was not shown to be bound to phytochelatin in this study. From these and other observations one may question if ligand of Cd peptide plays any role in Zn accumulation or tolerance.
In a companion paper to this one we utilized computer modeling to predict species of Cd-ligand complexes occurring in tobacco cultured cells that had been grown in a relatively high but not growth-inhibiting level of Cd to cause Cd-peptide accumulation to a level of 10% of total Cd present (25) . Under these conditions and a vacuolar pH of 5.0, Cd-citrate was found to be the predominant species of Cd present, despite an abundance of malate. We concluded that plants exposed to low levels ofCd, as is most common in agriculture, would accumulate most intracellular Cd as Cd-citrate and that this may be a common mechanism for accommodation of plants to the presence of Cd (25) .
Here we extend earlier studies with Cd to predict species of Zn complexes in vacuoles of tobacco cultured cells exposed to both moderate and high levels of Zn.
MATERIALS AND METHODS
Computer simulations in this study were carried out by using the GEOCHEM-PC computer model (15, 21) Simulations using the GEOCHEM-PC model assume that the system in question obeys the laws of chemical thermodynamics. The importance of factors in the cell such as viscosity, protein concentration, surface phenomena, etc., on in vivo stability of complexation cannot be assessed using present methods of modeling. In addition, the GEOCHEM-PC model cannot predict mixed complex formation (i.e. Zn-malatecitrate) or the influence of unknown species or species for 
RESULTS AND DISCUSSION
Role of Organic Acids Assuming that the vacuole obeys classical chemical thermodynamics (Gibb's free energy of formation), it is possible to simulate complexation of heavy metals with organic acids and other ligands if compartmentation and concentrations of ligands are known. We showed earlier that Zn is localized in vacuoles of tobacco cultured cells exposed to 300 or 2000 Mm Zn (9) . Evidence for vacuolar localization of the bulk of the organic acids present in plant cells was discussed in an earlier publication (25) .
Figures 1 to 4 show computer simulated speciation as a function of vacuolar pH for the three organic acids that are most prominent in tobacco suspension cells. The data of Figures 1 to 4 indicate that species distribution is expected to be greatly affected by vacuolar pH. In Figure 1 describing 300 ,uM Zn-treated cells, malate at pH 4 to 7 is, for the most part, found to be in protonated or unprotonated forms. Metalmalate species (including heavy and nonheavy metals) account for less than 2.3% of all malate species. This is also true for cultured cells exposed to 2000 ,uM Zn (data not shown), which have eightfold higher total Zn concentration in the vacuoles than 300 ,uM Zn-treated cells. These results indicate that vacuolar malate has very low metal ion complexing potential despite the fact that its concentration is higher than that of citrate or oxalate in this system (Table I ). The data also suggest that malate is likely to be a poor chelator and, therefore, poor transporter of Zn in the cytosol as proposed in the model of Mathys, unless other unknown cytosolic factors increase its potential for complexation.
The data of Figure 2 demonstrate the metal complexation potential of oxalate. It appears that oxalate is much more active than malate in sequestering metal ions (both Zn and nonheavy metals) in the vacuole. For example, under the conditions given in Table I for 300 ,M Zn-treated cells (contain about 0.27 mm Zn), chemical thermodynamic simulations show that at pH 5 (a vacuolar pH commonly found in plants and predicted for tobacco cultured cell vacuoles) (9), 62% of the oxalate forms complexes with metal ions. However, only 5% of the oxalate is complexed with Zn, and most oxalate (37%) has formed soluble (23%) and solid (14%) Caoxalate complexes.
As shown in Figure 3 , in cells exposed to 2000 Mm Zn (contain about 2.17 mM Zn) 30% of the oxalate has formed soluble Zn-oxalate complexes, and the formation of insoluble Ca-oxalate is inhibited at pH 5. These results suggest that complexation of Ca and oxalate would be reduced in the presence of high Zn. Even though oxalate levels are relatively low in tobacco suspension cell vacuoles (compared with malate and citrate), thermodynamic simulation predicts that oxalate could play an important role in sequestering Zn ion activity, particularly under conditions of high oxalate concentration, low pH and high Zn exposure. Figure 4 shows the speciation of citrate complexes for cells Table I ). function of pH for cultured tobacco cells exposed to 300 uM Zn (vacuole composition described in Table I ). S, Insoluble complexes. Figure 6 describes the speciation of Zn-citrate complexes as a function ofpH. The first, second, and third digits assigned to coordination complexes represent the number of metal ions, number of ligands, and the number of protons or hydroxyls (the last indicated by the negative sign) in each complex, respectively. Figure 6 shows that Zn-citrate could be in any three offive possible coordination modes. In general, 111 is dominant below pH 4.7, 110 between pH 4.9 to 5.5, and 22-2 above pH 5.7. At pH 5, a common vacuolar pH, the most dominant species are in the order 110 (58%) > 111 (36%) > 22-2 (5%). Godbold Figure 4 . Simulated vacuolar distribution of citrate species as a function of pH for cultured tobacco cells exposed to 300 vM Zn (vacuole composition described in Table 1 ). of pH for cultured tobacco cells exposed to 300 gM Zn (vacuole composition described in Table 1 ).
Deschampsia caespitosa was 1, whereas that in Zn-tolerant clones was 1.5 to 2. However when they used gel filtration chromatography to extend their analysis, ratios of 1:1 were found in both tolerant and nontolerant types. Our analysis does not predict occurrence of Zn-citrate complexes with stoichiometry of >1 in the tobacco cultured cells studied. Even with the same 1:1 ratio, it is evident that Zn may bind citrate in several modes. Results of a companion study to this one using a similar approach predicted that Cd-citrate is the principal form of vacuolar Cd in tobacco suspension cells exposed to low or moderate levels of Cd (25) . The predominant Cd-citrate complex found was 110 over the entire range of pH 4 to 7. Figure 7 shows the speciation of Ca, a common nonheavy metal nutrient ion in plants. It is evident that citrate also has 4.0 4.5 5.0 5.5 6.0 6.5 7.0 pH Figure 6 . Simulated vacuolar species of Zn-citrate complexes as a function of pH for cultured tobacco cells exposed to 300 MM Zn (vacuole composition described in Table I ). Numbers on the Z axis represent the coordination number of the complex. The first digit, from left to right, denotes the number of metal ions in the complex, the second the number of ligands, and the third denotes the number of protons or hydroxyls (the last indicated by negative sign). Figure 7 . Simulated vacuolar distribution of Ca species as a function of pH for cultured tobacco cells exposed to 300 uM Zn (vacuole composition described in Table 1 (19) , and binding of Zn to ligand of Cd-binding peptides has not been demonstrated in vivo or in vitro (18) .
COMPUTER EVALUATION OF SEQUESTERING MECHANISMS FOR VACUOLAR Zn
Recent studies suggest that a metallothionein gene occurs in and is transcribed in plants (2) . However, little evidence is found in many published studies to suggest occurrence of the protein in plant extracts. Perhaps this is explained by the fact that recovery of metallothionein from plant extracts is low (our unpublished data) and its detection, like that of the gene, may be easily obscured by use of suboptimal experimental conditions. Surprisingly, metallothionein gene transcription is reported to be suppressed by growth ofplants in the presence of Cd. In contrast, metallothionein gene expression is highly induced by Cd in mammals and yeast (17) . If Finally, Zn phytate is reported to sequester Zn in Deschampsia roots exposed to high levels Zn (23) and cellular deposits containing Zn, Mg, P, K, or Zn, K, and P were detected by X-ray microprobe analysis in fronds of Lemna after growth in 300 Mm Zn (22) . The general occurrence and importance of such forms of Zn is not yet known, nor is their occurrence after low level Zn exposure shown.
Role of Inorganic Ligands
A possible role for inorganic anions in sequestering heavy metals in vacuoles of higher plants has been generally ignored in the literature. In contrast, polyphosphates in the form of volutin or polyphosphate granules have been suggested to play a role in heavy metal sequestration in algae (6) . In a previous simulation of tobacco cultured cells exposed to 45 and 600 yM of Cd (25) , a portion of accumulated Cd was predicted to be precipitated as Cd-phosphate at pH > 6.7. At low vacuolar pH (<4.5), some Cd was also predicted to form soluble complexes with chloride ion. However, as shown in Figure 5 , with the vacuolar composition encountered in 300 gM Zntreated tobacco suspension cells, Zn does not appear to undergo any significant complexation with inorganic ligands (Zn-sulfate and Zn-nitrate is less than 0.1%, data not shown). This was also found for tobacco cultured suspension cells exposed to 2000 Mm Zn (data not shown). These results suggest that with possible exception of sulfide, inorganic ligands have little importance in sequestering Zn ion activity in the system studied. We previously reported that about l0-4 M or greater sulfide, if present in tobacco cell vacuoles, would effectively compete with citrate for complexation of Zn (25) .
SUMMARY
Based on the above discussion, we may draw the following conclusions:
1. Though malate is the predominant organic acid in this system and is expected to be principally compartmentalized in the vacuole, this acid appears to have little potential for sequestration of Zn over the entire pH range expected for the vacuole sap. It is also unlikely that malate has any significant contribution in complexing Zn in the cytoplasm unless other stabilizing factors are involved. Thus, our results do not support the prediction of Zn-malate complex formation in the cytosol as proposed in the model of Mathys. Malate also has little potential for complexing other major cations present. The central role of this acid may be in maintaining charge balance and as a pH-stat anion.
2. In contrast to malate, citrate has high potential for complexing Zn as well as non-heavy metal ions around pH 5, the estimated vacuolar pH of the system studied. At pH 5 the predicted predominant Zn-citrate species is 1 mole of Zn per mole of citrate with three possible modes of proton or hydroxyl coordination. From our results one may speculate that cytosolic citrate is more likely to serve to shuttle Zn to the vacuole than malate.
3. In addition to its importance in sequestering Zn ion activity, it appears that citrate may also play a general role in coordinating other major non-heavy metal nutrient ions in plant cells.
4. Zinc has high potential for formation of soluble complexes with oxalate, particularly below pH 5.5. However, because of relatively low concentration of oxalate in tobacco cultured cell vacuole, its role appears to be less significant in sequestering vacuolar Zn in this system. In high oxalate containing plants, this acid would be expected to play a significant role. This aspect of the model of Mathys (14) is supported by our results.
5. Inorganic ligands do not appear to be important in Zn sequestration in tobacco suspension cells.
Although simulations leading to these conclusions rest on a number ofassumptions, we believe they are useful for testing the Mathys (14) model proposed to describe sequestration of Zn in the plant vacuole.
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